We studied the effects of dietary NaCl intake on the renal distal tubule by feeding rats high or low NaCl chow or by chronically infusing furosemide. Furosemide-treated animals were offered saline as drinking fluid to replace urinary losses. Effects of NaCI intake were evaluated using free-flow micropuncture, in vivo microperfusion, and morphometric techniques. Dietary NaCI restriction did not affect NaCI delivery to the early distal tubule but markedly increased the capacity of the distal convoluted tubule to transport Na and Cl. Chronic furosemide infusion increased NaCI delivery to the early distal tubule and also increased the rates of Na and Cl transport above the rates observed in low NaCI diet rats. When compared with high NaCI intake alone, chronic furosemide infusion with saline ingestion increased the fractional volume of distal convoluted tubule cells by nearly 100%, whereas dietary NaCI restriction had no effect. The results are consistent with the hypotheses that (a) chronic NaCl restriction increases the transport ability of the distal convoluted tubule independent of changes in tubule structure, (b) high rates of ion delivery to the distal nephron cause tubule hypertrophy, and (c) tubule hypertrophy is associated with increases in ion transport capacity. They indicate that the distal tubule adapts functionally and structurally to perturbations in dietary Na and Cl intake.
Introduction
The distal tubule, the nephron segment between the region of the macula densa and the first junction with another tubule,1 normally reabsorbs 5-10% of the filtered sodium load (1, 2) . The rate of absorption is known to vary under some circumstances. When extracellular fluid volume is expanded acutely, the TAL and DCT but not the ICT. sodium reabsorption by this nephron segment increases proportionately (1, 2) , an effect mediated primarily by changes in the sodium concentration of luminal fluid entering this segment (3) . Effects of chronic changes in sodium balance caused by dietary NaCl excess or restriction on urinary sodium excretion generally have been attributed to alterations in ion transport by nephron segments beyond the superficial distal tubule (1, 2) . Changes in dietary NaCl intake have not been shown to influence the capacity of the distal tubule to transport Na and Cl (4-6). Kaissling and co-workers, however, recently reported that dietary NaCl excess in rabbits led to hypertrophy of distal convoluted tubule cells (7) . They suggested that dietary NaCl excess caused cellular hypertrophy by increasing sodium delivery to the distal tubule and therefore by stimulating sodium transport chronically. In support of this hypothesis, they subsequently demonstrated that chronic furosemide infusion to rats also caused hypertrophy of distal tubule cells (8) . They argued that furosemide increased the delivery of Na to the early distal tubule by blocking Na absorption upstream in the thick ascending limb and they suggested that hypertrophy of distal tubule cells reflects an increase in the intrinsic capacity of this segment to reabsorb sodium (8, 9) .
The mammalian distal tubule is morphologically and functionally heterogeneous. It is made up of three subsegments: the distal convoluted tubule (DCT),2 the connecting tubule (CNT), and the initial collecting tubule (ICT) (10-12). Although sodium and chloride are reabsorbed throughout the entire length of the distal tubule (13, 14) , the pathways by which these ions traverse the epithelium and the factors that control rates of ion transport may differ in the three subsegments. In the DCT ofrats, the majority oftranscellular Na and Cl transport traverses an electroneutral, thiazide-sensitive NaCl cotransport pathway (13) . In the ICT, most transcellular Na transport traverses an amiloride-sensitive conductive pathway (13, 14) . Less is known about transport pathways in the CNT (2) . This series of experiments was designed to investigate the hypothesis that chronic alterations in Na and Cl delivery to the distal tubule (or extracellular fluid volume status) cause both structural and functional changes in cells of the distal convoluted tubule. To this end, rats were either fed diets with high or low NaCl content or given furosemide chronically. The results indicate that both extracellular fluid volume and distal Na and Cl delivery independently affect the ability of the DCT to absorb Na and Cl. Cell hypertrophy on the other hand was observed only when distal sodium and chloride delivery rates were high. The results suggest that ion transport by the DCT of the rat is regulated homeostatically.
Methods
Male Sprague-Dawley rats (Harlan Sprague-Dawley, Inc., Indianapolis, IN) weighing 200-300 g were divided into three groups: group 1 animals (high NaCl intake) were allowed free access to high NaCl chow (29.2 g NaCi per kg chow, AIN-76-modified, ICN Biochemicals, Cleveland, OH)3 and NaCl containing drinking fluid (8 g NaCl/liter); group 2 animals (low NaCl intake) were allowed free access to low NaCl chow (0.292 g NaCl per kg chow, AIN-76-modified, ICN Biochemicals) and tap water; group 3 animals (furosemide infusion and high NaCl intake) received a constant intraperitoneal infusion of furosemide (0.67 mmol/kg body wt per d) via osmotic pump as described by Kaissling and co-workers (8) . Group 3 animals were allowed free access to standard rat chow (Ralston Purina Co., St. Louis, MO) and both tap water and high-salt drinking fluid (8 g/liter NaCl, 1 g/liter KCl).
To infuse furosemide, osmotic pumps (Alzet model 2MLI; Alza Corp., Palo Alto, CA) were loaded with furosemide solution (125 g/ liter) that had been alkalinized to pH 8.0 with 1 M NaOH to enhance solubility. The pumps were implanted in the peritoneum during ketamine anesthesia (100 mg/kg body wt ketamine, Ketaset; Bristol Myers, Syracuse, NY). Pump placement was considered successful if urine output rose markedly and urine osmolality fell on the day after surgery. Preliminary experiments indicated that Na and Cl transport by the kidney and distal tubule were unaffected by chronic infusion of vehicle alone via osmotic pumps. 4 Groups 1 and 2 were maintained on the experimental diets for [7] [8] [9] [10] [11] [12] [13] [14] d. Group 3 received furosemide for 7 d. During this time period, body weight, fluid intake, urine volume, and urinary Na, K, and osmolality were determined in a subset of animals from each group. At the end of the experimental period, arterial blood was obtained during ketamine anesthesia in a subset of six animals from each group to measure pH, Pco2, HCO3, Na, K, and Cl.
Micropuncture experiments
Animals were anesthetized by intraperitoneal injection of 5-s-butyl-5-ethyl-2-thiobarbituric acid (Inactin; Byk-Gulden, Constance, FRG) and prepared surgically for micropuncture as described previously (3, 15) . Groups 1 and 2 received 100-110 mg kg body wt-' Inactin, but because furosemide-treated animals are more sensitive to Inactin (8) , group 3 animals received 50 mg * kg body wt-'. The rats were placed on 3. The NaCl content of normal rat chow varies. The NaCl content of Purina rat chow is 10 g/kg chow. Altromin, a chow used extensively in Germany, has -5 g NaCl/kg chow. 4 . Urinary concentrations of Na, urinary flow rate, and urinary osmolality were unaffected by treatment with vehicle alone. In five animals exposed to vehicle infusion by osmotic pump [Na]u = 139±2.7 mM, urinary flow rate = 14.1±0.7 ml/d, and urinary osmolality = 1550±42.7 mosm/kg H20. These values are not significantly different from values obtained before pump placement: [Na]u = 144±2.4 mM, urinary flow rate = 9±0.6 ml/d, and urinary osmolality = 1,522±9.1 mosm/kg H20 indicating that vehicle infusion alone did not affect transport at the whole kidney level. Rates of sodium and chloride transport by whole distal tubules (295±54.5 and 244±59.2 pmol/min) are similar to values obtained previously in this laboratory and are intermediate between values obtained in groups 1 (high NaCl diet) and 2 (low NaCl diet) in these studies (see Table V Free-flow micropuncture. During free-flow micropuncture, animals were given fluid to replace surgical losses and maintain urine output close to preanesthesia levels. Animals in group 1 received 2 ml during surgery and 13 ml/kg body wt per h of 140 mM NaCl, 4 mM KCI during micropuncture. Group 2 rats received 2 ml during surgery followed by 18 ml/kg body wt per h of a low NaCl solution (35 mM NaCl, I mM KCl). Group 3 animals received 3 ml during surgery followed by 8 ml/h of 140 mM NaCl, 4 mM KCI. Because osmotic pumps were removed during surgical preparation for micropuncture, the maintenance infusion solution for group 3 animals also contained 0.15 g/liter furosemide (designed to maintain a furosemide infusion rate similar to that present before anesthesia). Each animal received 50
ACi of [3H]Inulin (New England Nuclear, Boston, MA) during surgical preparation followed by a maintenance infusion of 50-100 MCi/h.
To identify early distal tubules, colored saline (FD&C Blue #1; H. Kohnstamm & Co., New York, NY) was injected into a segment ofthe proximal tubule using a small-tip pipette (outer diameter < 5 jm) and observed to flow downstream into the distal nephron. Tubules were selected for micropuncture if two distal segments reached the kidney surface. A micropipette (o.d. 8-12 Mm) containing stained (Sudan black) mineral oil was placed in the upstream portion of the first distal segment. An oil block (> 4 tubule diameters) was injected downstream, and a complete collection of tubule fluid was made during a timed interval of 5-15 min using minimal suction. The volume ofeach sample was measured in a constant-bore glass capillary (0.1 mm i.d.) and the radioactivity was determined in a liquid scintillation counter (model 6893; Searle Analytic, Elk Grove Village, IL) using Optifluor (New England Nuclear) as the scintillation medium. Sodium, potassium, and chloride were determined as described below.
In vivo microperfusion. The preparation of animals for microperfusion was similar to the preparation described above except for fluid infusion. To minimize differences in interstitial fluid composition during microperfusion, all animals received saline solution during microperfusion (140 mM NaCl, 4 mM KC1). Groups 1 and 2 received 2 ml during surgery followed by 13 ml/kg body wt per h, and group 3 received 3 ml during surgery followed by 13 ml/kg body wt per h.
Because this series of experiments was designed to assess the intrinsic ability of distal tubules to transport Na and Cl (the ability to transport sodium and chloride under similar conditions), furosemide was not added to the infusion solution during the microperfusion experiments.
Tubules with two distal segments at the kidney surface were selected for microperfusion as previously described (15) . Briefly, a perfusion pipette attached to a servo-controlled microperfusion pump (Klaus Effenberger, Munich, FRG) was positioned in the upstream segment and set to deliver fluid at 15 nl/min. A second pipette was used to place a long castor oil block in the proximal straight tubule. Withdrawal of this pipette allowed glomerular filtrate to escape to the surface of the kidney. A collection pipette was then inserted in the downstream segment, a column of stained (Sudan Black) mineral oil was injected and, using slight suction, collection of perfused fluid was initiated. Fluid was collected, usually without further suction, during a timed interval of 3-6 min. During these experiments, two different solutions were perfused in every tubule. After the first fluid collection was complete, the perfusion and collection pipettes were removed and the perfusion pipette replaced with a pipette that contained a different perfusion solution. A new collection pipette was then inserted at the collection site and a second collection was obtained as described above. The order of perfusion was alternated to avoid systematic errors due to recollection.
Distal tubule morphology
Fixation and processing. The perfusion fixation technique was modified from Kaissling and co-workers (8) . During Inactin anesthesia, the distal aorta was exposed and cannulated below the renal arteries with polyethylene tubing filled with saline and connected to a pressure transducer. The aorta was ligated proximal to the renal arteries. Fixative was perfused into the aorta for 2-4 min at 175 mmHg. The inferior vena cava was nicked to allow drainage ofperfusion fluid. The fixation solution contained 3% glutaraldehyde (Electron Microscopy Sciences, Fort Washington, PA), and, in millimolars 100, Na; 100, cacodylate; 4.5, Ca; 9, Cl; 2.6, picric acid; and 25 g/liter polyvinyl pyrrolidone. The osmolality of the base solution (without glutaraldehyde) was 207 mosm/kg H2O. The osmolality of the complete solution was 498 mosm/kg H20. After perfusion, the kidneys were removed, trimmed of all fat and adherent tissue, weighed, and cut into 2-mm-thick longitudinal sections. These sections remained in the fixative for 24 h after which -10 2-mm3 blocks were cut from the superficial cortex and transferred to 0.05 M Na cacodylate.
Tissue sections were postfixed with 1% osmium tetroxide, dehydrated in increasing concentrations of alcohol, and embedded with random orientation in Epon. Table I shows the results of measurements made with rats in metabolic cages on day 7 of treatment. Although animals in group 3 were offered both saline and water, they drank saline almost exclusively. Urine output was more than five times higher in the furosemide-treated animals (group 3) than in the high NaCl diet group (group 1). Urine output tended to be slightly lower in the low NaCl diet group (group 2) than in group 1. Urinary osmolality was not different between group 1 and 2 but was significantly lower in group 3. The urinary Na concentration was significantly higher in groups 1 and 3 than in group 2. Urinary sodium excretion was very low in group 2, moderate in group 1, and very high in group 3. Urine K concentration did not differ between the three groups, but rates of K excretion were higher in group 3 than in group 1 and 2. Fig.  1 shows the time course of changes in urinary volume and osmolality in group 3 animals. Urinary osmolality fell to values close to isotonic the day after surgery and urinary output rose rapidly to its maximal level, with little change in urine output or osmolality throughout the 7 d of furosemide infusion. Table II shows plasma electrolytes, measured at the end of the treatment period (day 14 for groups 1 and 2, day 7 for group 3). Plasma sodium concentration was significantly lower in the low NaCl diet group than in groups 1 and 3; plasma potassium concentration was lower in the furosemide-treated Adaptation ofDistal Sodium and Chloride Transport 115 animals. Animals in group 3 (furosemide) developed significant metabolic alkalosis with low plasma chloride concentration and elevated plasma bicarbonate concentration and arterial pH. There was also evidence of extracellular fluid volume contraction in group 3, including elevations in the hematocrit (HCT), loss of weight (noted above), and lower SNGFR (see Table III ), although anesthesia for micropuncture may have amplified the effects of furosemide on extracellular fluid volume.
Rates of ion delivery to the early distal tubule were determined in a series of free-flow micropuncture experiments. During these experiments, intravenous fluid administration was designed to maintain urinary Na and Cl excretion rates close to levels when awake (as shown in Table I ). Group 3 animals also received continuous intravenous furosemide during these experiments to mimic the plasma concentrations obtained during osmotic pump infusion. During micropuncture, urinary flow rate was significantly higher in group 3 (42.7±8.1 Al/min) than in groups I and 2 (6.2±1.6 Al/min, and 5.6±3.0 ml/min respectively, P < 0.05). Urinary Na concentration was high in group 1 animals (223±46.4 mM), low in group 2 animals (4.9±0.7 mM), and close to plasma levels in group 3 (134±2.3 mM). Rates of fluid administration thus maintained urinary fluid and electrolyte excretion during freeflow micropuncture close to levels observed when animals
were awake. Table III shows results obtained by free-flow micropuncture. The concentration of sodium entering the early distal tubule was not significantly different in the two groups with differing Na intake. On the other hand, the sodium concentration in the early distal tubule was higher in group 3, reflecting the inhibition by furosemide of electrolyte transport by the TAL. Similarly, the concentrations of chloride and potassium in fluid entering the distal tubule were not significantly different in groups 1 and 2 but were significantly higher in group 3. The fluid flow rate in early distal tubules was significantly lower in the low NaCl than in the high NaCl animals. The flow rate in the furosemide-treated animals was intermediate between these values. Fig. 2 shows that Na and Cl delivery rates to the early distal tubule were higher in group 3 than in group 1 and 2 (P < 0.01). The fractional delivery of Na and Cl to the early distal tubule during furosemide infusion exceeded one third of the filtered load in this group, despite contraction of the extracellular fluid volume.
The ability of the DCT to transport Na and Cl when luminal and peritubular factors were controlled was determined in a series of in vivo microperfusion experiments. To reduce differences in plasma (and peritubular) electrolyte concentratiohs, all animals were infused intravenously with the same salt solution during microperfusion. Plasma concentrations of Na and Cl during microperfusion were not significantly different between the groups ((Na] and [Cl] in millimolars: group 1, 147±1.0 and 100±1.1; group 2, 145±1.8 and 97+0.4; and group 3, 146±1.6 and 101±1.0). Luminal flow rate and ion composition were controlled by in vivo microperfusion and were the same for all three groups. Transport by the DCT segment was estimated as the portion of Na and Cl transport by whole distal tubules that was inhibited by CTZ. We have shown previously that CTZ blocks all transcellular NaCl transport by cells ofthe DCT in the rat (13) . CTZ does not affect Na and Cl transport by the ICT (13, 14 ; see Discussion).5 Table IV shows ion concentrations and volume flow rates in the three treatment groups during perfusion with the control and chlorothiazide containing solutions. Volume absorption was significantly different from zero (1.1±0.2 nl/min) in group 3 but not in group 1 or 2. Chlorothiazide significantly reduced volume absorption in group 3 animals (-0.53±0.22 nl/min, P < 0.05). Table V compares rates of Na and C1 transport in group 1, 2, and 3 when tubules were perfused with the same solution.
Compared with group 1 (high NaCl diet), sodium transport was increased in both low NaCl animals (group 2) and furosemide animals (group 3). When the two volume-contracted groups were compared (group 2 and 3), rates of sodium absorption were significantly higher in furosemide animals than in low NaCl animals. Rates ofCl transport were also increased in groups 2 and 3. They were highest in the furosemide group, intermediate in the low NaCl group and lowest in the high 5 . In experiments by ourselves (13) and others (14) , it has not been possible to rule out the possibility that CTZ affects Na and Cl transport by the CNT. Thus, it is possible that the portion of ion transport inhibited by CTZ includes some transport by the connecting tubule as well as by the DCT.
NaCl group. Chlorothiazide reduced Na and Cl absorption significantly in all three groups of animals. Fig. 3 shows transport by the DCT estimated as the chlorothiazide sensitive fraction of Na and Cl transport (the difference between transport rates during perfusion with control and thiazide containing solutions). The CTZ-sensitive fraction of Na and Cl transport was significantly higher in group 3 (furosemide) than in group 1 (High NaCl) (P < 0.01). The chlorothiazide sensitive fraction of Na transport was also greater in group 2 (low NaCl) than in group 1 (P < 0.01).
The effects ofdietary NaCl intake and furosemide on distal tubule cell structure were assessed using light microscopic examination of tissue sections and rubber casts of distal tubules. The effects of treatment on kidney weight and nephron length are shown in Table VI . Left kidneys from high NaCl diet animals were heavier than left kidneys from furosemide treated animals, but the treatment regimens did not affect the length of distal tubules significantly. Table VII and Fig. 4 show the morphometrically determined effects of each treatment regimen on the fractional volumes of nephron segments. The fractional volumes of glomeruli and proximal tubules (data not shown) were not affected significantly by the treatment regimens. The fractional volumes of DCT, CNT, and ICT Electron microscopy confirmed the results of light microscopic study. The appearance of DCT cells was similar in groups 1 and 2. On the other hand, DCT cells from furosemide-treated animals (group 3) were clearly taller than cells of groups 1 and 2 (see Fig. 6 ). In group 3 animals, mitochondria within the basolateral cell processes were longer and the height of the cell processes themselves was greater. Nuclei in DCT cells of group 3 animals appeared larger and exhibited more circular profiles. As reported by Kaissling and co-workers (8), DCT cell nuclei from furosemide-treated animals appeared to be sunk more deeply into the cell. All cells of the distal nephron (DCT cells, CNT cells, principal cells, and intercalated cells) were hypertrophied in group 3 animals. Intercalated cells were especially prominent in this group, often bulging out into the tubule lumen.
Morphometric techniques (described in the Appendix) were also used to estimate luminal and tubule radii and cell heights in segments of the distal tubule. Table VIII and Fig. 7 show results of these measurements. The luminal radius of TAL was significantly smaller in low NaCl diet animals than in high NaCl diet animals. Further, TAL cell heights were significantly lower in animals treated with furosemide than in low NaCl diet animals. Although they did not quite reach statistical significance, cell heights and epithelial volumes per millimeter tubule length of DCT and CNT tended to be greater in group 3 than in group 1 animals. In the collecting duct, cell height and epithelial volume per millimeter tubule length were significantly greater in group 3 (furosemide) than in either group 1 or 2.
Discussion
Although sodium and chloride absorption by the distal tubule varies directly with delivered load under a variety of circumstances (1, 3, 19, 20) , it has been accepted generally that the intrinsic ability of the distal tubule to absorb Na and Cl is not influenced by perturbations of extracellular fluid (ECF) volume (1, 21) . Recently, Kaissling and co-workers reported that rabbits fed high NaCl diets develop hypertrophy of DCT cells (8, 22) . They suggested that increased Na delivery to the distal In these experiments, two maneuvers were used to alter urinary Na and Cl excretion and extracellular fluid volume in the same species, high or low dietary NaCl intake and infusion of the diuretic furosemide. As expected, urinary Na excretion rates were lower in group 2 than in group 1 and were extraordinarily high in group 3 (see Table II ). Further, compared with high NaCl diet animals, low NaCl diet animals appeared slightly volume contracted (higher Hct, similar SNGFR) and furosemide animals appeared significantly volume contracted (highest Hct, low SNGFR). The results of the free-flow micropuncture experiments indicate that dietary NaCl intake and furosemide infusion both affected distal Na delivery, as well as urinary Na excretion. Although sodium and chloride concentrations in distal tubule fluid were not significantly different in groups 1 and 2, distal Na delivery (both fractional and absolute) tended to be higher in group 1 because ofthe significantly higher flow rate in this group. These results confirm earlier studies that indicated that sites beyond the DCT are primarily responsible for reducing the urinary concentration of Na when dietary NaCl intake is restricted (4, 5, 21) . In vivo microperfusion was used to estimate the intrinsic ability of the distal tubule to absorb Na and Cl independent of changes in luminal fluid flow rate or ion composition. During these experiments, preexisting differences in peritubular fluid ion concentrations were reduced by infusing the same saline solution in all animals. To estimate transport by DCT cells, we used the diuretic CTZ. We have shown previously that this drug blocks all transcellular Na and Cl transport by the DCT but does not affect Na and Cl transport by the ICT of the rat (13) . Based on those results, the fraction of distal Na and Cl transport that was inhibited by CTZ was taken as an estimate of transport by DCT cells.
The results ofthe in vivo microperfusion experiments indicate that dietary NaCl deprivation does affect the intrinsic ability of the distal tubule to absorb Na and Cl. When dietary NaCl intake is severely restricted, the distal tubule is able to transport Na and Cl more rapidly. Other investigators, using free-flow micropuncture techniques, have reported that dietary NaCl restriction does not affect Na and Cl transport by the distal tubule (4) (5) (6) . These experiments differ from previous investigations ofeffects ofdietary Na intake in several respects. First, when free-flow micropuncture techniques are used to measure transport rates, changes in luminal Na and Cl concentration or flow rate may obscure effects of dietary NaCl intake. Second, some investigators have measured ion transport rates in the distal tubule only during acute extracellular fluid volume expansion (4) . Third, in these experiments, tubules were perfused with an AIF in which the Na and Cl concentrations are considerably higher than observed physiologically under most conditions (compare the perfusion solution with early distal fluid obtained by free flow collections, Table  II ). Thus, results of in vivo microperfusion may not reflect ion transport rates that occur under free flow conditions: rather, they provide an indication of the intrinsic ability of the tubule to transport Na and Cl. Each of these factors may have obscured differences in transport rates in past experiments.
Another way in which free flow conditions differ from microperfusion is in the relative concentrations of sodium and chloride in tubule fluid. Free flow measurements showed that than in groups 1 and 3 (group 1, 10.3±1.5 mM; group 2, delivered to the distal tubule is accompanied by anions other 20.3±2.4 mM; and group 3, 9.6±1.5 mM, P < 0.01). This than chloride. Rates of Na transport by the distal tubule deindicates that, when NaCl intake is low, more of the sodium pend on the luminal concentrations ofboth Na and Cl (23) . lower luminal Cl concentration thus reduces the rate of Na absorption at any particular luminal Na concentration. The disparity between distal Na and Cl concentrations during free flow conditions may also have obscured the effects of dietary NaCI intake on the ability of distal tubules to reabsorb Na and Cl in earlier studies. In these studies, furosemide increased Na and Cl transport rates above those observed in high NaCl diet animals. It also increased the Na and Cl transport by whole distal tubules significantly above the (already higher) rates in low NaCl animals. Like the low NaCl diet animals, furosemide-treated animals were significantly volume contracted, but in contrast with NaCl restriction, furosemide increased distal Na and Cl delivery significantly. The combination of extracellular fluid volume depletion and high distal Na and Cl delivery together may have caused the further increase in intrinsic Na and C1 transport ability observed in this group. The specific mediator of increased transport has not been demonstrated conclusively by these studies, but hormonal factors, changes in plasma electrolyte concentrations, and other alterations in peritubular environment may have contributed. Because all tubules were perfused, luminal factors can be excluded. Hormonal stimulation may have played a role because volume depletion probably stimulated secretion of mineralocorticoid hormones and antidiuretic hormone. Several facts, however, suggest that these hormones did not play a dominant role. First, although aldosterone and antidiuretic hormone have been shown to affect transport by the distal tubule as a whole, they act primarily on epithelium of the ICT. We used CTZ to estimate transport by the DCT and found that transport by this segment was stimulated by furosemide infusion and by NaCl restriction. Second, preliminary results of Kaissling and Stanton indicate that furosemide infusion increases ion transport by whole distal tubules of rats in whom mineralocorticoid and antidiuretic hormone levels were held constant (24) . Third, several other hormones that affect sodium transport by the kidney (such as atrial natriuretic peptide and prostaglandins) apparently do not alter ion transport by the DCT (2, 23) . Changes in extracellular fluid volume or chloride depletion (metabolic alkalosis) alone also may have contributed to the alterations of ion transport observed in these experiments. In the CD and loop of Henle, Cl depletion has been shown to stimulate NaCI transport (25, 26) . Chloride depletion has also been reported to affect chloride transport by the distal tubule in vivo (27) , but these observations were obtained by free flow micropuncture and may not indicate the intrinsic ability of the tubules to transport ions. In these experiments, plasma chloride concentrations were lower in both groups 2 and 3 than in group 1 (see Table II ). These differences may Adaptation ofDistal Sodium and Chloride Transport 123 Tubule and luminal radii and cell heights calculated using the fractional volume of lumen, the fractional volume of tubule, fractional volume of cells, the fractional length of lumen, the fractional length of tubule, and the luminal radius as given in Table VII and VIII (see Appendix). See Table VIII for statistical analysis.
cate that hypertrophy of distal segments was observed only when the luminal Na and Cl concentrations in fluid entering the distal tubule were high. As discussed above, this is consistent with the hypothesis that hypertrophy results from increased rates of transcellular transport. Our results confirm experiments in which chronic furosemide infusion was found to cause hypertrophy of DCT cells of rats (8) . The treatment almost certainly provided chronic stimulation of distal Na and Cl transport by increasing the concentrations of Na and Cl in fluid entering the distal tubule (see Table III ). Although animals in group 3 developed hypokalemic metabolic alkalosis, it is unlikely that potassium depletion contributed directly to the hypertrophy of DCT cells. Stanton and co-workers (16) reported that neither potassium adaptation nor depletion affects DCT structure in rats. As discussed above, chloride depletion itself may have contributed to the increased ability to transport sodium and chloride observed in the current experiments. It is unlikely that hypertrophy ofDCT cells is a direct effect of furosemide. The major site of furosemide action is the TAL; furosemide has only a relatively small inhibitory effect on Na transport in the distal tubule (14, 28) . Further, Kaissling and co-workers reported that, in rabbits, high NaCl intake alone caused DCT hypertrophy (7), suggesting that furosemide infusion is not necessary for hypertrophy to develop. In contrast, high NaCl intake alone did not cause DCT cell hypertrophy in the current experiments. One possible reason for the differences may be found in the results of the free flow micropuncture experiments. Dietary NaCl intake did not affect the concentration of Na range tested in the current experiments should not cause cell hypertrophy in rats because they do not affect distal Na concentration significantly. Whether such dietary changes do affect the delivery of Na and Cl to distal tubules of rabbits and therefore cause hypertrophy by increasing ion transport rates chronically when dietary NaCl intake is high, has not been determined.
The tubule cell hypertrophy in the current experiments may be an example of work hypertrophy, as described previously in other segments of the nephron. Fine and Bradley (29) reviewed the evidence that reduction in renal mass causes not only an increase in SNGFR but also proximal tubule cell hypertrophy with increased transport capacity. This is believed to result from increased rates oftranscellular Na transport that occurs in the remaining functional nephrons. Another example of this process is the response of medullary TAL cell to antidiuretic hormone. Bouby et al. (30) showed that medullary TAL cells hypertrophied when rats with hereditary diabetes insipidus were given the vasopressin analogue 1-deamino-8-Darginine-vasopressin. They postulated that such treatment effected hypertrophy by stimulating transcellular Na and Cl transport in this segment. The effects of furosemide to reduce the height of cortical TAL cells in this study (Table VIII) is similar to the hypoplasia of medullary TAL cells reported in Brattleboro rats unable to synthesize antidiuretic hormone (31) . By blocking the entry of Na and Cl into these cells, furosemide probably reduced the transcellular Na and C1 traffic and caused a form of disuse atrophy.
Comparison of the effects of the three treatments on cell height, fractional volume, and fractional length of tubule segments (compare Figs. 4 and 6) indicates complex interactions between these variables. Increases in fractional cell volume can be associated with increases or decreases in cell height, depending on changes in tubule length and luminal distension. Although fractional volumes of DCT cells in groups 1 and 2 are similar and significantly lower than fractional DCT volume in group 3, cell height in group 2 is close to cell height in group 3 because the lumen is less distended in the volume contracted animals on low NaCl intake. These observations highlight pitfalls in the interpretation ofcell height alone as an index of tissue mass and suggest that fractional volume is a better indicator of physiologically important changes in cell size.
The results of these experiments may provide an insight into mechanisms of diuretic resistance. Because furosemide administration increases early distal Na and Cl concentrations from < 50 to > 100 mM, it stimulates Na and Cl transport by the DCT (13) . If, as shown in the present experiments, chronic furosemide administration increases the capacity of the distal tubule to absorb Na and C1, diuretic effectiveness may attenuate over time. In the normal individual in whom GFR and Na delivery to the loop of Henle are adequate, distal reabsorption may still be unable to cope with the 30-45% of filtered Na and Cl delivered to that segment. When intense proximal reabsorption is present, however, the smaller increment in delivery to the distal tubule caused by furosemide may be matched by the increment in Na reabsorptive capacity of the distal tubule with the results that diuretic responsiveness is blunted. Under these circumstances, administration of a thiazide type diuretic may induce a profound diuresis (32, 33) . Compare, for example, the change in Na transport rates when CTZ is added to the lumen in group 1 and group 3 (group 1, 83 pmol/min vs. group 3, 288 pmol/min). Clearly, CTZ has a much larger effect after distal tubule adaptation has occurred. When the combination of extracellular fluid volume contraction and reabsorption of Na and Cl by the distal tubule limits the effectiveness of a loop diuretic, then the addition of a thiazide-type drug may be especially effective.
In summary, these results suggest that the DCT adapts to chronic alterations of NaCl intake and to changes in luminal ion concentrations. These intrinsic adaptations are different from the distal tubule's response to acute perturbations in extracellular fluid volume, effects that are mediated primarily by changes in luminal fluid flow rate and ion composition. When ECF volume is reduced chronically by restricting NaCl intake, the intrinsic capacity of the DCT to reabsorb Na and Cl increases homeostatically, without accompanying morphological changes. When, in addition, distal Na and Cl concentrations are increased by chronic furosemide infusion, the intrinsic ability of the distal tubule to absorb Na and Cl increases even further, an effect associated with significant hypertrophy of cells throughout the distal nephron. Our results are consistent with the hypothesis that high rates of Na and Cl transport initiate growth of cells in the distal nephron and increase ion transport capacity. Other stimuli associated with extracellular fluid volume depletion, however, may also influence the ion transport capacity of cells of the DCT.
Appendix
The volume densities (fractional volumes) of tubule segments and tubule lumens and the length densities (fractional lengths) of tubule segments were determined in the present experiments by standard morphometric techniques (34, 35). Profile counting was done within a rectangular area using the unbiased "forbidden line" rule of Gundersen (36) . Because tissue sections were cut with a random orientation and because convoluted tubules course nearly randomly through cortical tissue, a rectangular grid created by equally spaced intersecting horizontal and vertical lines making up 221 counting points was used. The fractional volume ofeach tubule segment (VT) was determined by counting the fraction of 221 points overlying the tubule segment. The number of tubule segments included in the rectangular grid area (NA) was used to determine length density (LT) by the formula LT = 2NT (34). This formulation assumes that tubules are randomly oriented in sections. From (4) and VT, it is possible to calculate the epithelial volume per mm of tubule length using the formula, epithelial volume per millimeter = Vv/Lv.
The height of kidney tubule cells is often determined as the mean caliper height, the linear distance between the luminal and basolateral membranes on thin sections (8, 10, 17) . This approach is complicated by at least three kinds of problems. First, the true mean cell height will be equal to cell height measured in this manner only when a tubule is cut exactly perpendicular to its long axis. Second, the cell height of a tubule of constant epithelial volume will vary with differences in luminal distension. We determine VL by point counting. We assume that the fractional length of the lumen (Lv) is equal to the fractional length of the tubule (Lv). Solving for r and substituting the measured length r= V
We next determine R, the tubule radius. The sum ofthe fractional luminal volume (VLj and the fractional cell volume (Vsv) must equal the fractional volume of the tubule as a whole ( Vt) V + V = VTv, or Vc + wr2LV = 7rR2Lv. Solving for R,
R=
Vcv + (r r *L) (3) 7r LVcv (the fractional cell volume) and LTV are determined morphometrically. Cell height is then calculated as R -r.
